This study quantifies surface denudation of carbonate rocks by the first application of in-situ cosmogenic 36 Cl in China. Concentrations of natural Cl and in-situ cosmogenic 36 Cl in bare carbonates from Guizhou karst areas were measured with isotope dilution by accelerator mass spectrometer. The Cl concentration varied from 16 to 206 ppm. The 36 Cl concentrations were in range of (0.8-2.4)10 6 atom g −1 , resulting in total denudation rates of 20-50 mm ka −1 that averaged over a 10 4 -10 5 a timescale. The 36 Cl-denudation rates showed roughly a negative correlation with the local mean temperature. This preliminary observation may suggest the variations of proportions of chemical weathering and physical erosion in denudation process, depending upon local climatic conditions. in-situ cosmogenic 36 Cl, denudation rate, climatic condition, carbonate, Guizhou
Estimation of denudation rates in karst area is one of the basic subjects to study the role of carbonate rock weathering in the global carbon cycle and evolution of the local landscapes [1, 2] . Since Corbel [3] presented a method to estimate regional erosion rate by precipitations and average solved matter in water, many other direct measurement and indirect estimation methods have been presented. These mainly include (1) observation of solute load based on hydrochemical compositions [4, 5] ; (2) weight loss records of limestone tablets exposed in different environments [2, 6] ; (3) measurements on the exposed surfaces with microerosion meters [7, 8] ; (4) measurements of height of pedestals in exposed surface [5, 9] ; and (5) estimation with in situ cosmogenic nuclides 36 Cl (half-life 301 ka) [10, 11] . Of these, method of in situ cosmogenic 36 Cl is considered advantageous as it records the history of long-term erosion and can minimize the uncertainty caused by the extrapolation problems that other methods need to consider. Although applications of in situ cosmogenic 36 Cl mainly focused on the surface exposure history, few pioneering studies have indicated the validity of in situ cosmogenic 36 Cl for the estimation of denudation rates in karst areas [10, 11] . For instance, Stone et al. [10] estimated 36 Cl denudation rates from limestone in Australia, ranging from 1 mm ka −1 in arid area to 150 mm ka −1 in tropic area. Matsushi et al. [11] reported 36 Cl denudation rates of calcite in Japanese island in range of 20-60 mm ka −1 . These studies presented that the denudation rate of carbonates is mainly controlled by the local climates. To further clarify this conclusion, we used in-situ cosmogenic 36 Cl to study long-term erosion in subtropic Guizhou karst area, SW China and subsequently to compare with other short-term estimations.
In southwest China, a variety of serious environmental issues are recently presented. This mainly includes issues of water and land use, acid rain and karstification all of which are associated with the denudation of carbonate weathering [12] . Guizhou Province is located in the center of the Southeast Asian Karst Region where karstification is most developed in the world. It is also featured by the most diverse karst types and the largest karst area in the world. In Guizhou, carbonate rocks occupy 62% land surface, of which limestone and dolomite are the major rock types. Modern climate in Guizhou is in catalogue of subtropic monsoon zone with average annual precipitation of 900-1300 mm. The large elevation gradient of the Guizhou Province, about 2800 m above see level (m a.s.l.) in west and about 500 m a.s.l. in east, results in low mean temperature in west (11-12C) and high in east (15-17C). The carbonate strata exposed are mainly Pre-Jurassic in age, including Permian and Triassic carbonate rocks within the catchment of Rivers Wujiang, Qingshuijiang and Wuyanghe. None of these rocks shows evidence of later burials including glaciation.
Materials and methods
Six bare carbonate samples were collected from Guizhou karst areas (Figure 1) . Details of the sampling locations together with other parameters are shown in Table 1 . The surface samples are from outcrops on open hilltops so as to avoid recent soil cover and to be as representative as possible of the surrounding landscape. In field, samples (1 kg) were collected from the top surface (2-5 cm) of the exposed carbonate rocks. Effect of snow shielding on in situ cosmogenic 36 Cl accumulation can be considered minimal as the amount and period of annual snow accumulation under local climatic conditions is not great. In addition to effects from soil and glacier cover, care was also taken to judge nondisturbance by human activities. Figure 2 35 Clenriched spike and natural Cl were also prepared.
The dried AgCl was pressed into a specific Cu sample holder for AMS analysis. The sample holder design for 36 Cl measurement is slightly different from the other nuclides. They are made of copper and twice the size of the "normal" sample holder design. With this design, S-free AgBr (99.9%) is firstly pressed into 6 mm diameter sample holder and subsequently the precipitated AgCl are pressed into the center (with 1 mm diameter) of AgBr bed so as to minimize S extractions from Cu. The samples were measured for natural Cl and 36 Cl with the 5 MV accelerator mass spectrometer (AMS) at SUERC. The terminal voltage was set at 5 MV and argon gas stripping to the 5+ charge state (Cl 5+ ) was selected. Both 35 Cl and 37 Cl signals are measured with high-energy off-axis Faraday cups. High-energy current measurements are preferred because the charge sensitive amplifiers at the high-energy end of the accelerator are better quality than our low energy integrators. Also possible molecular interferences are be dissociated in the stripper. Details of the AMS measurement procedure can be referred in [13] .
Natural Cl content in rock was calculated by conventional isotope dilution. Such a method allows us to determine simultaneously Cl and 36 Cl with a single sample preparation, which can significantly reduce the sample process times and the total uncertainty of analysis. The content of Cl in a spiked sample is calculated by sample sample spike sample spike natural natural sample
where . Long-term repeat measurements of the secondary standard with 36 Cl/Cl ratio of 510 −13 result in 3% precision.
Results and discussion
Chemical compositions of major and trace elements in carbonates are listed in Table 2 . The mole Ca/Mg ratios ranging from 2 to 140 indicate that rock types of carbonates in this study are from pure calcite to dolomite. Sample GZCL-7 contains 40% Ca and thus indicates a pure calcite. Sample GZCL-4 has the lowest Ca and the highest Mg concentrations, belonging to the catalogue of typical dolomite. 36 Cl production rates in the carbonates at surface primarily depend on chemical compositions of target elements (i.e. Ca, K, Cl) and neutron absorbers (B, Sm, Gd, etc.), in addition to intensity of secondary cosmic ray that is dependence on the geomorphologic location. Cosmogenic 36 Cl accumulation in rocks (C) can be expressed as [10] ( , ) ( , ) ( ) ( , )
where P(x) is the total 36 Cl production rate as a function of depth (x).  is the 36 Cl decay constant and  the erosion rate (assuming both P and  constant through exposure time t).
Eq. (2) can be further integrated with P(x) set according to the proportions of spallogenic and muongenic production rates. 
where C 0 is the initial 36 Cl concentration. P n and P  are the 36 Cl production rates at surface by neutrons and muons, respectively.  is the density of rock, and  n and   are penetration length for neutrons (160 g cm ) and muons (1300 g cm -2 ), respectively. As an example, calculated equilibrium depth profile of 36 Cl with zero erosion for sample GZCl-7 is shown in Figure 3 . The spallogenic production dominates near surface, whereas the muon induced production becomes dominant at intermediate depths.
Geological evidences indicate that carbonates in Guizhou karst area were exposure at surface since Jurassic [12] . Such a long-term surface exposure has most likely resulted in a steady-state of in-situ cosmogenic 36 Cl in the carbonates that have no later burial history. This is general true in Guizhou karst area, in particular in sample sites of this study. Thus, the denudation rates are calculated from steady-state solution to eq. (3). That is, if the samples had neglected initial 36 Cl concentration and were exposure at surface for a long period (i.e. indefinite), then eq. (3) can be simplified as
A series of calibration studies have established the spallogenic and muongenic 36 Cl production system in carbonate rocks [15] [16] [17] [18] . Accordingly the 36 Cl production rates in this study were calculated based on the chemical compositions of the carbonate rock (Tables 2 and 3) , and scaled by using geographic information (latitudes and altitudes) of individual locations. Subsequently, the 36 Cl-denudation rates of the carbonate rocks were calculated by an inverse analysis which is an iterative computation searching for the denudation rates that mostly match the observed 36 Cl concentrations [11, 16] . As a result, the calculated 36 Cl-denudation rates in this study vary from 20 to 50 mm ka −1 ( Table 3) . As stated above, these were long-term denudation rates averaged the timescale of 10 4 -10 5 a during which both chemical weathering and physical erosion processes removed a few meters of surface carbonate rocks.
In comparison with other 36 Cl-denudation rates, the denudation rates of Guizhou carbonate rocks are intermediate between those in dry temperate southeast Australia (20 mm ka ) [23] . However, they are much lower than that from tsunami remains on raised coral-reef terraces in Kikaijima, Japan (205 mm ka −1 ) [24] . The regional differences in denudation rates can be reasonably considered as variable local factors such as climatic conditions, tectonics and physical properties of carbonate rock. However, due to limited data, further discussion of the worldwide variation in denudation rates of carbonate rock is beyond this study.
Although this study is preliminary, the most obvious feature in this study is that the 36 Cl denudation rates are high in the western and central Guizhou highlands (40-47 mm ka −1 ) and low in the eastern lowlands (17-19 mm ka −1 ). No correlation between denudation rate and rock properties (rock type and density) was observed, suggesting minimal lithogological effect. Hence, such a regional variation in denudation rates is likely controlled by climatic differences between the sites. Figure 4 shows relationship between 36 Cl-denudation rates and local climatic factors (annual precipitation and mean temperature). Obviously, there is no clear correlation between denudation rate and annual precipitation (Figure 4(a) ). However, a weak negative correlation between denudation rate and mean temperature with correlation coefficient r=0.76 can be observed in Figure  4 (b). As the 36 Cl denudation rates averaged a long-term timescale of 10 4 -10 5 a, it may be inappropriate to combine the denudation rates with the present climate factors. Matsushi et al. [11] suggested the validity of combination of the long-term 36 Cl denudation rates with the present climatic factors based on studies of the Japanese carbonate rocks.
By normalizing with annual precipitation (L cm
) to exclude the annual precipitation influence on denudation, Matsushi et al. [11] , which is comparable to 16.2-63 kJ mol −1 obtained in calcite dissolution experiments in the laboratory, as discussed in [11] . Thus, the Japanese samples distributed along the chemical dissolution line were mainly resulted from the contribution of chemical weathering (dissolution) to total denudation [11] . In colder regions (i.e. mean temperatures below 15C), the Japanese samples had elevated denudation rates and scattered above the dissolution line. As the increase in denudation rates was found to associate with the occurrence of freeze-thawing days in Japan, it was suggested that the physical erosion significantly contributed to the total denudation rate [11] . Following the treatment and discussion proposed in [11] , two samples from the eastern Guizhou lowlands plotted around the dissolution line suggest that chemical weathering mainly contributed the total denudation. However, like most Japanese carbonates, samples from the western and central Guizhou highlands scattered above the dissolution line. This implies that the physical erosion plays an important role on total denudation in addition to chemical weathering. If the chemical weathering rate was 20 mm ka −1 , the physical erosion rates would take 50%-60% in total denudation in the western and central Guizhou highlands.
As our samples were mainly collected within the catchment of the Wujiang River, it is worthy to compare 36 Cl denudation rates with other methods. Han and Liu [12] 
